A system capable of in vitro packaging of exogenous bacteriophage T7 DNA has been used to monitor the biological activity of DNA replicated in vitro. This system has been used to follow the effects of UV radiation on in vitro replication and recombination. During the in vitro replication process, a considerable exchange of genetic information occurs between T7 DNA molecules present in the reaction mixture. This in vitro recombination is reflected in the genotype of the T7 phage produced after in vitro encapsulation; depending on the genetic markers selected, recombinants can comprise nearly 20% of the total phage production. When UV-irradiated DNA is incubated in this system, the amount of in vitro synthesis is reduced and the total amount of viable phage produced after in vitro packaging is diminished. In vitro recombination rates are also lower when the participating DNA molecules have been exposed to UV. However, biochemical and genetic measurements confirmed that there is little or no transfer of pyrimidine dimers from irradiated DNA into undamaged molecules.
An intimate connection exists among the metabolic processes of DNA repair, replication, and recombination. This is true not only because certain of the cell's enzymes appear to play a role in more than one DNA metabolic pathway but also because intermediates in the repair and replication processes may generate structures that encourage molecular recombination (6, 7, 20, 23) . Moreover, recombination plays an important role in enhancing the survival of organisms that contain damaged DNA. This may occur through multiplicity reactivation (15) , an exchange of undamaged DNA fragments to form a complete damage-free genetic unit, or through postreplicational repair schemes that are thought to cause a dilution of damage sites through sister strand exchange (28, 29) . Recombination is also closely tied with the replication process. For example, in some bacteriophages such as T7, concatemers several phage genomes in length occur as natural precursors in phage development; recombination may play a role in the production of these structures (8, 12, 21, 22, 33) . Fast-sedimenting structures which may include concatemers can be generated during in vitro replication of bacteriophage T7 DNA (17) . The in vitro system employed in those experiments offers several advantages in the study of DNA metabolic processes since it is capable of replicating exogenous duplex T7 DNA by a process which, by several criteria, resembles quite closely the in vivo situation (11, 18, 19) . If the product of these reactions is introduced into a second in vitro reaction, this DNA can be encapsulated into phage heads to produce complete phage particles (13, 17) . The packaging step does not by itself support significant levels of recombination. However, structures that resemble intermediates in recombination are generated during the DNA synthesis reactions (17) . Moreover, a series of independent studies carried out under different conditions have shown that recombination can proceed in vitro (26, 27, 30, 31, 35) . In view of these observations it was of interest to examine directly the amount of genetic recombination taking place during the in vitro synthesis of T7 DNA.
The in vitro systems employed in these studies also offer a potential means for gathering information regarding the response of DNA metabolic systems to damage encountered in the genome. We have previously discussed the effect of DNA damage on in vitro packaging and have shown that the biological consequences of damage introduced into DNA that is subsequently packaged into phage heads closely mimics the in vitro situation (13) . In the experiments described below we have made use of these cell-free systems to gain information regarding the response of DNA replication and recombination systems to damaged DNA.
RECOMBINATION OF DAMAGED T7 DNA 331 18 (sup') and strain ShD2371-48 (sup'). The S. sonnei strains and the T7 ss-mutant which permits growth of T7 on S. sonnei (9) were gifts from R. Hausmann. Other mutants of T7 were from the collection of F. W. Studier and include T7am193 (gene 1), T7am29 (gene 3), T7am20 (gene 4), T7am28 (gene 5), and T7am147 (gene 6). Phage mutants are designated by a subscript indicating the defective gene. The T7 3-ss-combination was prepared by a standard phage cross as described by Studier (32) .
Media chemicals and reagents. Sources of materials have been described (16) (17) (18) . A damage-specific endonuclease from Micrococcus luteus was a gift from W. L. Carrier (3) . DNA was prepared as described by Richardson (24) . Amounts of DNA are expressed as nucleotide phosphorous equivalents or, where indicated, as T7 genome equivalents where 1 nmol of DNA is taken to equal 7.5 x 109 intact chromosomes of T7 phage.
Reaction conditions for in vitro DNA synthesis. DNA synthesis reactions were performed using extracts from strain W3110 infected with T73 (deficient in endonuclease) or T73,6 (deficient in endonuclease and exonuclease) as previously described (11, 17) . In these experiments 3 nmol of DNA, either irradiated or undamaged, was included in the reaction. Irradiation of DNA was usually carried out at a concentration of 1.0 to 1.3 mM. DNA was irradiated at room temperature 0.1 ml at a time with constant stirring by exposure to a pair of General Electric germicidal lamps with an incident dose rate of 1.6 J/m2 per s. Under these conditions 1 J/m2 introduces 0.46 pyrimidine dimers per T7 genome equivalent of DNA (16) . DNA synthesis reactions were carried out at 30°C with incubation times of 30 min. To measure total DNA, synthesis reactions that included [32P]dATP were stopped by the addition of ice-cold 1 N HCl-0.1 M sodium pyrophosphate, and acid-insoluble radioactivity was determined (16) .
Reaction conditions for in vitro recombination. The reactions used for in vitro recombination are identical to those used for in vitro DNA synthesis. In most experiments 1.5 nmol of each species of DNA was included in a 0.1-ml reaction mixture. The reactions were normally incubated at 30°C for 25 min and terminated by diluting from 0.01 to 0.03 ml of the reaction with enough ice-cold 28 mM Tris-hydrochloride (pH 7.5) and water to yield 0.125 ml of 22 mM Tris-hydrochloride (pH 7.5). This sample was then diluted into the DNA packaging reaction mixture previously described (13) and encapsulated by using an extract from strain W3110 infected with T73,5,6. When carried out in this way 0.02 ml of an in vitro recombination reaction undergoes a 34-fold dilution before being packaged. As 
RESULTS
Recombination during replication. Previous experiments have shown that it is possible to encapsulate purified intact genomes of T7 DNA so as to form infectious phage particles in an in vitro reaction in which no significant amount of recombination takes place (13, 17) . In these in vitro packaging experiments rescue of individual amber markers in exogenous input DNA by endogenous T73,5,6 DNA can be detected at a level of about 0.2% of the phage produced from wild-type input DNA. Also, this background level of phage production bears no apparent relationship to the position of the amber marker employed (17) . Thus, recombination during packaging, if it occurs at all, proceeds at a very low rate. A different situation persists during in vitro DNA replication, however. The formation of highly complex structures during in vitro DNA synthesis suggests an element of recombination during replication (17) . Thus, it was of interest to examine directly the level of genetic recombination occurring during the replication of T7 DNA in vitro. To do this we employed a mutant of T7, designated ss, which unlike ss+ T7 is able to form plaques on S. sonnei (9) . This mutation, which maps in gene 10 of T7 (36) , has been successfully used in earlier studies to eliminate unwanted contributions from endogenous phage and DNA (30) . To estimate the levels ofrecombination, we incubated DNA from T73,88 in the standard DNA replication system either alone or in combination with T7 DNA from ss+ phage with various amber mutations. An extract from T73-infected W3110 was used in this reaction. The product of the reaction was encapsulated in vitro and plated on S. sonnei with or without an amber suppressor. Recombination frequencies were calculated from the number of plaques on the suppressor-free indicator divided by the number of plaques found with an indicator containing a suppressor or, alternatively, by comparing the number of plaques formed on the suppressor-free indicator when ss-DNA (with no amber mutation) was used in the reaction. Both methods give essentially the same result (Fig. 1 (26, 32, 33) . Effects of DNA and extract concentration. An experiment to test the effect of varying the amount of DNA available to engage in re-8. 6 combination was performed. A series of identical reactions was prepared in which 1.5 nmol of 3-ss DNA was included and the amount of 6-ss+ DNA was varied between 0 and 1.5 nmol. After 1.9 incubation with an extract from T73-infected strain W3110, the DNA was packaged in vitro, and the resulting phage was plated on S. sonnei with and without an amber suppressor. A plot of the recombination frequency as a function of 0.6 concentration of 6-ss+ DNA is shown in Fig. 2 14 thymine dimers per genome. Table 3 also shows that when only the 6-ss+ DNA was treated with UV light the ratio of the number of am+ ss-phage to the total number of viable ssphage dropped by about a factor of 7. This might have been caused by lowered viability of the recombinants as the result of 6-ss+ DNA that contains damage being inserted into unirradiated 3-ss-DNA. Or, the presence of damage in the 6-ss+ DNA might in some way cause a reduction in the amount of 3+ DNA available for recombination. This, according to the data in Fig. 2 , would cause a lower recombination frequency. To gain information regarding the transfer of pyrimidine dimers by recombination, the experiment in Fig. 4 Fig. 1 ). The alkaline sucrose gradients shown in Fig. 4 demonstrate that within the level of sensitivity of this experiment there has been no significant transfer of endonuclease-sensitive sites to the [3H]DNA. The [3H]DNA recovered from this experiment had an average molecular weight of 18.4 x 106; a 10% reduction in molecular weight should have been easily detected. Similar results have been obtained with UV doses sufficient to form between 9 and 100 dimers per potential donor DNA molecule. These data suggest that in spite of the relatively with a UV dose of 50 J/m2 as described in Materials and Methods, and 1.5 nmol was incubated with 1.5 nmol of 3H-labeled wild-type T7 DNA together with an extract from strain W3110 infected with T73. After 25 min of incubation of 30°C under standard reaction conditions, the samples were chilled and 25 mM EDTA was added. Then, 0.01 ml of a damage-specific endonuclease from M. luteus was added, and incubation was continued at 30°C for an additional 10 min as previously described (16) . Additional EDTA was added to raise the concentration to 50 mM, and 0.125-ml samples of each reaction were layered on alkaline sucrose gradients and spun in an SW56 rotor at 49,000 rpm at 20°C for 120 min. Fractions were collected and radioactivity was determined. Symbols: (A) Profiles obtained from this experiment; (0) profiles obtained under identical conditions when the unlabeled DNA was not irradiated and no damage-specific endonuclease was added. The arrow indicates the position of intact T7 DNA sedimented under these conditions. high levels of in vitro genetic recombination, the pyrimidine dimers are not recombinationally exchanged. This possibility was also approached in a different way. To do this we took advantage of our earlier observation that DNA containing pyrimidine dimers is packaged in vitro with the same efficiency as unirradiated DNA, but that the damaged DNA is expressed less effectively on uvrA indicator bacteria because of that strain's inability to perform excision repair (13) .
DNA from T76 and T73 mutants as well as from wild-type T7 was irradiated with UV doses from O to 90 J/m2 and incubated with an extract from T73-infected cells in such ways as the yield of total viable phage and the yield of viable recombinants could be measured. After in vitro packaging, the resulting phage were plated on suppressor-free wild-type and uvrA E. coli. As shown in Table 4 the yield of wild-type phage produced from in vitro synthesis of wild-type UV-irradiated DNA dropped precipitously with the UV dose. As expected, the excision repair capacity of wild-type E. coli allowed a higher yield of viable phage than-did the uvrA derivative. By following the yield of wild-type phage produced by coincubation of T73 and T76 DNA the effect of UV light on recombination could also be monitored. With the protocol used here endogenous 3-DNA can, and does, contribute to recombination. However, recovery of wildtype recombinant progeny is strictly dependent on the presence of the exogenous 6-(or another 3+) DNA in the reaction mixture. In these experiments only the 6-DNA was exposed to UV. Thus, rescue of gene 3 could occur only by donation of dimer-containing 6-DNA by a recombinational event left of gene 6 but right of gene 3 (Fig. 1) . This means that wild-type phage result from integration of between approximately 25 and 35% of a T76 genome into T73 DNA; at 30 J/m2 there are about 14 pyrimidine dimers distributed throughout the 6-donor molecule. As shown in Table 4 , the yield of viable recombinants is reduced after UV irradiation of the 6-DNA. However, the number of infective centers produced on the uvrA indicator was the same as that found with E. coli wild type, even at doses as high as 90 J/m2. This, together with the data in Fig. 4 , suggests that there was little or no exchange of diner-containing DNA into the recombinants accumulated in vitro and that the primary effect of UV exposure to one partner in the recombinational exchange is to reduce the amount of recombination rather than to produce recombinant molecules with reduced potential for viability as the result of DNA damage.
We also considered the effect of genetic marker position on the recombination of irradiated DNA. Undamaged DNA from T73,88 was incubated with irradiated or unirradiated DNA from ss+ phage that were either wild type, T74, or T76. In this experiment (Table 5) Fig. 1 . However, the relative ability of the wild-type, T76, and T74 DNAs to rescue the 3-marker is nearly exactly the same as that in the earlier experiment. The irradiated DNAs received a dose of 30 J/m2, sufficient to introduce about 14 dimers per genome. The data in Fig. 3 indicate that about one-third the normal amount of DNA synthesis persists after this dose. As seen in Table 5 this exposure of UV radiation reduces recombination to about one-tenth its normal value. The observation that all three donor DNAs were affected to about the same extent suggests that the presence of dimers on the DNA molecule presents a deterrent to normal recombination irrespective of the distance between the genetic markers involved. This experiment was repeated with a UV dose of 8 J/ m2, sufficient to introduce less than four dimers per genome, and similar results were obtained, except that rescue of the gene 3 mutation by the irradiated wild-type, T76, and T74 DNAs were all about 45% of the value found with unirradiated DNAs of the same species.
It was also of interest to consider production of biologically active phage after in vitro replication of UV-irradiated DNA. DNA from T7%8 phage was irradiated and incubated with extracts from T73-or T73,6-infected strain W3110 under conditions that would permit both replication and recombination. Controls (not shown) indicated that UV irradiation of the template affected DNA synthesis performed by each extract to about the same extent and in a manner similar to the result shown in Fig. 3 . The resulting DNA from the reactions was packaged in vitro to form ss-phage that were, in turn, plated on suppressor-free S. sonnei. Figure 5 shows the 0.23 0.28 a An extract from strain W3110 infected with T73 was incubated under standard reaction conditions with either 3.0 nmol of T7 wild-type DNA (samples 1-4) or 1.5 nmol of T73 DNA plus 1.5 nmol of T76 DNA. The T7 wild-type DNA and T76 DNA were exposed to the indicated UV dose. After incubation at 30°C for 25 min 0.02-ml portions of each reaction mixture were diluted and packaged in vitro as described in Materials and Methods. The resulting phage were plated on both uvrA+ and uvrA-indicator bacteria. The percent survival for each indicator is calculated from the data for sample 1. The percent recombination listed for each indicator was calculated by dividing the numbers of infective centers counted for samples 5 through 8 by the number counted for sample 1, using the same indicator. PFU, Plaque-forming units. results of this experiment. These data show that the phage produced after synthesis under recombinationally deficient conditions contain more damage than those produced by synthesis with the extract from T73-infected cells. It is interesting that the principal effect of the deficiency in the gene 6 exonuclease is to increase the slope of the initial portion of the biphasic survival curve. This is the portion of the curve that is unaffected by a uvrA mutation in the host (13) and therefore probably not due to excision repair.
DISCUSSION
The most intriguing aspect of the data presented here concerns the response of the DNA replication-recombination system to damaged DNA template. These data demonstrate that: (i) UV irradiation reduces DNA synthesis but does not totally inhibit it, (ii) in vitro recombination frequencies are reduced by UV irradiation, (iii) damage sites are not recombinationally exchanged into undamaged molecules at any measurable rate, and (iv) the recombinationally proficient extracts from T73-infected cells show improved production of viable phage from UVirradiated DNA after in vitro encapsulation when compared with recombinationally deficient extracts prepared from T73,6-infected cells.
The data shown in Tables 3 through 5 indicate that irradiation of T7 DNA does not eliminate recovery of recombinants. Neither have we observed increases in recombination rates as might have been expected from in vivo studies (1, 4, 34) . Other workers (10, 14) have examined the effect of UV light on recombination in bacteriophage lambda and have shown (10) that irradiation causes an increase in recombination only when the phage DNA is actively replicating. Presumably this is because single-stranded gaps left in the molecule by encounters between the replication apparatus and pyrimidine dimers become preferred sites for recombination. Thus, one explanation for an observation of reduced recombination after UV exposure may be that in the in vitro system, lesions encountered in the path of the replication complex might constitute a nearly insurmountable barrier to replication fork transit, thus precluding the formation of single-stranded gaps that invite recombinational exchange.
Several plausible models can be evoked to explain the data presented here. However, the task of accurately outlining the molecular events responsible for the observed effects of UV irradiation on recombination is made difficult by current uncertainty regarding specific details of the DNA replication and recombination processes in undamaged DNA. DNA metabolic processes may prove to be even more complex in situations where the DNA substrate contains lesions. For these reasons, any interpretation of the phenomena observed in these experiments must involve an element of speculation. One possibility is that the concurrent reduction of DNA synthesis and molecular recombination after UV exposure is more than coincidental. It may be that most of the recombination observed in this system occurs between actively replicating DNA molecules or between molecules that have undergone at least partial replication. Hesitation (or perhaps total blockage) of the DNA replication apparatus at the sites of pyrimidine dimers could reduce the amount of DNA available for recombination; since those regions of the DNA molecules that contain pyrimidine dimers would replicate least efficiently, recombination of dimers into undamaged DNA would constitute an unlikely event. A scheme such as this one could also aid in reconstruction of damage-free molecules from several partially replicated genomes in which progress of the replication forks was interrupted by pyrirnidine dimers. The data shown in Fig. 5 are compatible with this notion.
Although an interpretation involving a close connection between the DNA replication and recombination processes offers a straightforward basis for most of the results presented here, the data in Table 5 emphasize that the provisional model outlined above must be accepted only with caution. Since bacteriophage T7 is believed to replicate from a single origin located 17% from the left end (5), slowing of replication fork movement by pyrimidine dimers should cause an enrichment of genetic material located near the origin of the irradiated DNA molecule. This, in turn, is expected to affect marker rescue (2) . Because rescue of gene 3 by T74 DNA involves a significantly smaller target size than does rescue of the same gene by T7 wild-type DNA, the effect of UV exposure to the T74 DNA was expected to have a less pronounced effect on the recombination frequency (see Fig. 1 ). Our data (Table 5) indicate that UV irradiation of one partner in a genetic exchange affects in vitro recombination to the same extent irrespective of whether T74 or wild-type T7 DNA is used as the donor. This may mean that, as previously suggested (25) , more than one origin is available during in vitro DNA replication. Alternative hypotheses including the possibility of preferred replication of damage-free templates (which themselves might be generated through recombinational exchange) and direct effects of UV damage on the initiation event cannot, of course, be ruled out. Also, in spite of the encouraging number of similarities between the in vitro systems employed in our studies and the in vivo situation, the possibility that the data in Table  5 are peculiar to in vitro reactions must be kept in mind.
Irrespective of the details of the molecular exchanges it seems clear that recombinational events occur at a significant frequency during the in vitro DNA replication reactions. Therefore, the possibility of involvement of recombinational exchange during experiments designed to measure in vitro DNA synthesis, concatemer formation, and generation of biologically active T7 DNA (17) must be borne in mind. Also, recombination may influence the response of the in vitro DNA replication system to damaged DNA templates in experiments like the one shown in Fig. 3 . Thus, the data presented here serve to underscore the close association among DNA replication, recombination, and repair processes.
